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R654questions. Why, for example, did the
two analytical approaches taken by
Lander et al. [8] (a general linear model
and a circuit model) come to opposing
conclusions?Whichmechanismsmake
one hostile habitat, clear-fells, act as
a barrier, while the hostile pine
plantations enhanced connectivity?
Andhowmight theCirce principle apply
to the main pollinator taxon, bees
(Hymenoptera: Apiformes), which differ
fundamentally in their foraging and
movement behavior from the syrphid
flies (Diptera: Syrphidae) [20] studiedby
Lander et al. [8]? These questions leave
plenty of scope for further research.
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Hitch a Ride on Dynamic MicrotubulesIn fission yeast, microtubules control mitochondrial position by a mechanism
that is dependent onmicrotubule dynamics but notmotor proteins. A new study
now reveals the molecular basis for this novel mechanism of organelle
movement.Liza A. Pon
In 1985, Hirokawa, Bloom and Vallee [1]
used quick-freeze, deep-etch electron
microscopy to visualize crossbridges
between microtubules and organelles
in regions of the axon that are
associated with fast axonal transport.
This work provided the first direct
evidence that organelles use
microtubules for axonal transport.
It also laid the foundation for
establishing a role for kinesin and
dynein in driving organelle movement
along microtubule tracks in the
neuronal axon, and for identifying
adaptors that link motors to their
cargos as well as mechanisms that
regulate motor function in cargo
binding and transport. In this issueof Current Biology, Fu et al. [2] now
identify a fundamentally different
connection between mitochondria
and microtubules in the fission yeast
Schizosaccharomyces pombe.
During interphase, S. pombe
cells contain dynamic bundles of
microtubules that emerge from
microtubule organizing centers in the
center of the cell and extend toward the
cell tips (Figure 1). Mitochondria in
these cells are tubular structures that
can interact with microtubule bundles.
However, mitochondria do not exhibit
track-dependent movement along
microtubules. Rather, they bind to
dynamic microtubule bundles and
move to and from the cell tips as their
associated microtubule bundle
elongates and shortens [3,4].Microtubules therefore control
mitochondrial position and movement
in fission yeast; however, they do so
by a mechanism that is dependent
on microtubule dynamics not motor
proteins. Actin polymerization drives
protrusion of the leading edge during
cellular migration and intracellular
movement of bacterial/viral pathogens,
endosomes, and budding yeast
mitochondria [5–9]. However,
mitochondrial movement in fission
yeast represents the first documented
motility mechanism that is dependent
on microtubule polymerization and
dynamics.
In the new study, Fu et al. [2]
identified a mitochondria-microtubule
binder protein (mmb1p) in fission
yeast. Deletion of mmb1 results in
aggregation of mitochondria and
accumulation of the aggregated
organelle at the cell tips. It also results
in defects in mitochondrial inheritance
and loss of cell viability. Thus, mmb1p
has functional interactions with
mitochondria that affect the
distribution and inheritance of the
organelle. Furthermore, they obtained
evidence for a direct role for mmb1p
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Figure 1. Microtubule dynamics and function
in mitochondrial distribution in S. pombe.
Microtubules in interphase S. pombe cells are
arranged in parallel arrays within microtubule
bundles that extend from microtubule or-
ganizing centers in the center of the cell
toward the bud tip. Microtubule bundles are
dynamic structures that elongate and shrink,
which results in their extension and retraction
within the cell tip. They also serve as a scaffold
for mitochondria, a process that requires
mmb1 p-mediated binding of mitochondria
to the lateral surface of a microtubule bundle.
Mitochondria that are bound to microtubule
bundles are linear structures. The mmb1
p-mediated binding of a mitochondrion to an
elongating microtubule bundle results in
extension of the organelle toward the cell tip.
(Drawing courtesy of Dr Leonardo Peraza-
Reyes.)
Dispatch
R655in mitochondria–microtubule
interactions: mmb1p binds to
mitochondria and to the lateral surface
of microtubules, co-localizes with
mitochondria and microtubules, and
is required for association of
mitochondria with microtubules.
Finally, binding of mmb1p to
microtubules dampens microtubule
dynamics by reducing their shrinkage
rate. This stabilization of microtubules
promotes their interaction with
mitochondria. In addition, reduced
microtubule shrinkage biases their
dynamics towards elongation, which
promotes extension of microtubules
and their associated mitochondria
towards the cell tips.
Collectively, these findings support
the model that mmb1p mediates
binding of mitochondria to the lateral
surface of dynamic microtubule
bundles in S. pombe. This binding
results in the uniform distribution
of mitochondria as elongated tubular
structures by two mechanisms: first,
microtubule bundles serve as a
scaffold to maintain the position of
the organelle; and second, elongation
of microtubules results in extension
of mitochondria toward the cell tip
(Figure 1).
This study reveals the molecular
basis of a motor-independent
mechanism for microtubule function in
organelle movement and distribution,
and serves as a foundation for the
identification of other proteins that
contribute to this process. It also raises
fundamental questions. Why does
S. pombe use microtubule dynamics
instead of a motor for mitochondrial
movement? What is the benefit of
maintaining mitochondria as extended
structures that span the length of the
fission yeast cell?
Fu et al. [2] offer possible
explanations for both questions.
They propose that the distances for
movement in fission yeast are short
compared with axonal transport
and therefore do not require forces
provided by motor molecules. Another
point that bears on this question is that
the dynamics of microtubules in fission
yeast are distinct from those of
microtubules in the axon. Microtubules
in axons are more stable and therefore
amenable for their role as tracks for
organelle movement. In contrast,
microtubule bundles in S. pombe
are highly dynamic and can drive
dynamics-based intracellular
movement. Therefore, it is possiblethat fission yeast use this mechanism
for mitochondrial position control
and movement because the distances
for movement are short and because
the microtubule dynamics in S. pombe
are well poised for driving movement.
Fu et al. [2] also offer an explanation
for the benefits of maintaining
mitochondria in an extended
conformation. The defects in
mitochondrial distribution that occur
in S. pombe upon deletion of mmb1
lead to defective mitochondrial
inheritance. Since mitochondria
are essential organelles, cells that do
not inherit mitochondria do not survive.
Indeed, deletion of mmb1 can result
in mitochondrial inheritance failure
and cell death. This underscores
the importance of mitochondrial
inheritance in the cell-division cycle.
However, since inheritance failure
and loss of cell viability only occurs
in 10% of the mmb1D cells examined,
it is clear that mmb1p contributes to
mitochondrial inheritance but is not
a primary determinant of this process.
An alternative proposal arises from
studies in budding yeast and animal
cells indicating that mutations
that compromise mitochondrial
distribution — including mutations
in the machineries for mitochondrial
motility, anchorage, fusion, and
fission — result in defects in
maintenance of mitochondrial DNA,
which in turn results in defects
in mitochondrial respiratory activity
or defects in daughter cell lifespan
determination [10–13]. Therefore,
it is possible that mmb1p-mediated
mitochondria–microtubule interactions
function in mitochondrial quality
control.
Remarkably, Fu et al. [2] find that
mitochondria maintain their tubular
morphology in the absence of an
interaction with microtubules. Release
of mitochondria from microtubules
by shortening of microtubules or
drug-induced microtubule
depolymerization does not result
in an immediate loss of mitochondrial
morphology. Indeed, although all
mitochondria in S. pombe are tubular,
only a fraction of the mitochondria
in a fission yeast cell are associated
with microtubule bundles.
Thus, microtubules are not required
to maintain the tubular morphology
of mitochondria in fission yeast.
In budding yeast, mitochondria
are tubular structures that rely on
the actin cytoskeleton for positionalcontrol and movement [5].
Destabilization of F-actin and actin
cables also does not result in an
immediate loss of tubular mitochondria
[14]. This raises the possibility that
mitochondrial tubulation does not
depend upon the cytoskeleton in yeast
or potentially in other organisms.
The mechanisms that control
mitochondrial shape are not well
understood. Nonetheless, proteins
have been identified that can generate,
stabilize or detect membrane curvature
[15]. Many of these proteins, like
dynamin and some BAR-domain
proteins, generate high membrane
curvature that is associatedwith fission
of organelles, including mitochondria.
In contrast, the reticulon and DP1/Yop1
protein families generate low
membrane curvature for the
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reticulum as tubules and sheets. Is it
possible that a similar protein(s) may be
responsible for the tubular structure of
mitochondria?
Overall, Fu et al. [2] have identified
a protein that binds mitochondria to
microtubules and serves as a
foundation for a novel mechanism for
the control of mitochondrial position
and movement that is independent
of motor proteins but dependent
on microtubule dynamics. This study
underscores the importance of
mitochondrial positional control in
mitochondrial inheritance, and raises
questions regarding the mechanisms
that control the tubular structure
of mitochondria. Although mmb1p
does not appear to be conserved
in mammalian cells, mitochondria
are maintained as uniformly distributed
tubular structures in many cells that
have dynamic microtubules.
Therefore, it is possible that the
position and movement of
mitochondria or other organelles in
other cell types may be controlled by
mechanisms that are independent of
motors but dependent on microtubule
dynamics.References
1. Hirokawa,N.,Bloom,G.S., andVallee,R.B. (1985).
Cytoskeletal architecture and
immunocytochemical localizationofmicrotubule-
associated proteins in regions of axons
associated with rapid axonal transport: the beta,
beta’-iminodipropionitrile-intoxicated axon as
a model system. J. Cell. Biol. 101, 227–239.
2. Fu, C., Jain, D., Costa, J., Velve-Casquillas, G.,
and Tran, P.T. (2011). mmb1p binds
mitochondria to dynamic microtubules.
Curr. Biol. 21, 1431–1439.
3. Yaffe, M.P., Harata, D., Verde, F., Eddison, M.,
Toda, T., and Nurse, P. (1996). Microtubules
mediate mitochondrial distribution in fission
yeast. Proc. Natl. Acad. Sci. USA 93,
11664–11668.
4. Yaffe, M.P., Stuurman, N., and Vale, R.D. (2003).
Mitochondrial positioning in fission yeast is
driven by association with dynamic
microtubules and mitotic spindle poles. Proc.
Natl. Acad. Sci. USA 100, 11424–11428.
5. Boldogh, I.R., andPon,L.A. (2007).Mitochondria
on the move. Trends Cell Biol. 17, 502–510.
6. Girao, H., Geli, M.I., and Idrissi, F.Z. (2008).
Actin in the endocytic pathway: from yeast to
mammals. FEBS Lett. 582, 2112–2119.
7. Insall, R.H., and Machesky, L.M. (2009). Actin
dynamics at the leading edge: from simple
machinery to complex networks. Dev. Cell 17,
310–22.
8. Senning, E.N., and Marcus, A.H. (2010). Actin
polymerization driven mitochondrial transport
in mating S. cerevisiae. Proc. Natl. Acad. Sci.
USA 107, 721–725.
9. Lambrechts, A., Gevaert, K., Cossart, P.,
Vandekerckhove, J., and Van Troys, M. (2008).
Listeria comet tails: the actin-based motility
machinery at work. Trends Cell Biol. 18, 220–227.
10. Chen, H., Vermulst, M., Wang, Y.E.,
Chomyn, A., Prolla, T.A., McCaffery, J.M., and
Chan, D.C. (2010). Mitochondrial fusion is
required for mtDNA stability in skeletal muscleand tolerance of mtDNA mutations. Cell 141,
280–289.
11. Hanekamp, T., Thorsness, M.K.,
Rebbapragada, I., Fisher, E.M., Seebart, C.,
Darland, M.R., Coxbill, J.A., Updike, D.L., and
Thorsness, P.E. (2002). Maintenance of
mitochondrial morphology is linked to
maintenance of the mitochondrial genome
in Saccharomyces cerevisiae. Genetics 162,
1147–1156.
12. Hermann, G.J., Thatcher, J.W., Mills, J.P.,
Hales, K.G., Fuller, M.T., Nunnari, J., and
Shaw, J.M. (1998). Mitochondrial fusion in yeast
requires the transmembrane GTPase Fzo1p.
J. Cell Biol. 143, 359–373.
13. McFaline-Figueroa, J.R., Vevea, J.,
Swayne, T.C., Zhou, C., Liu, C., Leung, G.,
Boldogh, I.R., and Pon, L.A. (2011).
Mitochondrial quality control during inheritance
is associatedwith lifespan andmother-daughter
age asymmetry in budding yeast. Aging Cell,
10.1111/j.1474-9726.2011.00731.x.
(epub ahead of print).
14. Boldogh, I., Vojtov, N., Karmon, S., and Pon, L.A.
(1998). Interaction between mitochondria and
the actin cytoskeleton in budding yeast requires
two integral mitochondrial outer membrane
proteins,Mmm1pandMdm10p. J. Cell Biol. 141,
1371–1381.
15. Shibata, Y., Hu, J., Kozlov, M.M., and
Rapoport, T.A. (2009). Mechanisms shaping the
membranes of cellular organelles. Annu. Rev.
Cell Dev. Biol. 25, 329–54.Department of Pathology and Cell Biology,
Columbia University, 630 W. 168th St. P&S
14-442, New York, NY 10032, USA.
E-mail: lap5@columbia.eduDOI: 10.1016/j.cub.2011.07.035Sex Determination: Switch and
SuppressThe transcription factor Dmrt1 regulates male sexual development from flies
and worms to humans. A newly discovered function is to suppress female
differentiation in the testes. Thus, the gonadal fate decision is not final but has
to be actively maintained throughout life.Amaury Herpin and Manfred Schartl*
Sex determination — the decision
whether the bipotential gonad anlage
will become a testis or an ovary — is
a tightly controlled and highly
complex developmental process.
Twenty years ago, the Sry gene was
discovered— themale sex determining
gene encoded on the Y-chromosome
of mammals [1]. SRY acts on the top
of a genetic cascade of transcription
factors and signalling molecules that
operates from the somatic cells of the
undifferentiated gonad to initiate the
differentiation of these cells towards
a functional testis [2]. A lot of evidence
suggested that the female fate is the
default fate, which needs to besuppressed to allow for Sry-triggered
male differentiation. Furthermore, the
early decision towards male or female
development was viewed as final.
However, Sry is not widely conserved
and is not even present in
non-mammalian vertebrates. Indeed,
most other genes at the top of the
sex-determination cascade are
not conserved in evolution, while
genes further downstream have kept
their function and position in the
network over longer evolutionary
periods [3,4]. Now, however, new
results challenge our basic notions
of the function and evolution of the
sex-determination pathway.
These results come, surprisingly,
from a gene that was regarded asone of the ‘underdogs’ of sex
determination because of its
subordinate role in the cascade;
Dmrt1, a transcription factor of the DM
domain family, is the most highly
conserved member of the sex
determination network, having
homologues even in worms and flies
[5–7]. And it is the most downstream
‘worker’ in the genetic hierarchy.Dmrt1
knockout XY mice are born as males,
although their testes later develop
abnormally [6], leading some to rate it
as a less important sex differentiation
gene. Now, work from the Zarkower
and Bardwell labs [8] changes not only
our view on DMRT1 but also corrects
the general picture of sexual
development. Using intricate genetic
mouse models Matson et al. [8] show
that male sex determination is not
a permanent choice and that Dmrt1 is
crucial for maintenance of testicular
function. Integrating these findings
with recent work on other sex
determination genes [9–11] leads to
an exciting new picture of how the
male or female identity of the gonad
is established and maintained.
